The aim of the present studies was to describe the effect of two organohalogen pesticides: DDT and bromopropylate, on early changes in rat liver, proposed in the literature to be useful endpoints in screening of non-genotoxic hepatocarcinogens and/or liver tumor promoters. We investigated the effects on the following endpoints: hepatomegaly, mitogenesis (DNA synthesis, mitotic activity, percentage of binuclear cells) and cytochrome CYP2B1 -dependent monooxygenase induction. The histological and cytochemical changes in the liver were also recorded. Male Wistar rats received bromopropylate in one, three or five daily oral doses of 125, 250 and 500 mg/kg body wt day"
Introduction
Many hepatic cytochrome P-450 inducers of the phenobarbitone-(CYP2B1,2B2) and clofibrate (CYP4A1)-type (1) have been shown to act as rodent non-genotoxic hepatocarcinogens and/or liver tumor promoters (2) (3) (4) . These enzyme inducers including peroxisome proliferators, barbiturates and organic halogen compounds are known to produce liver growth via hypertrophy and hyperplasia (2, 5) . Since during liver growth no distinct signs of toxicity are detected in this organ, it has been concluded that the hyperplastic episode probably accounts for the initial liver enlargement. Indeed, the major part of the enzyme-inducing compounds elicit only a transient wave of
•Abbreviations: DDT, l,l-(2,2,2-trichloroethylidene)-bis-{4-chlorobenzene); chlorobenzylate, ethyl 4,4'-dichlorobenzylate; dicofol, 2,2,2-trichloro-1,1 -bis-(4-chlorophenyl)-ethanol; bromopropylate, isopropyl 4,4'-dibromobenzylate; chloropropylate, isopropyl 4,4'-dichlorobenzylate; fenarimol, a-(2-chlorophenyl)-a-{4-chlorophenyl)-5-pyrimidiriemethanol; nuarimol, a-(2-chlorophenyl)a-(4-fluorophenyl)-5-pyrimidinemethanol.
© Oxford University Press hepatocyte proliferation during the first days of exposure (4, 5) . It is, therefore, unlike that such an early and direct mitogenic effect may be related to subsequent cancer development. However, several lines of evidence support the hypothesis that cell proliferation plays a crucial role in different steps of carcinogenesis (6) . Moreover, hepatomegaly, mitogenesis and enzyme induction are caused by a considerable number of liver non-genotoxic carcinogens and tumor promoters. Therefore, these early changes in rodent liver have been proposed to be useful early endpoints in screening of non-genotoxic carcinogens (4, (7) (8) (9) (10) (11) .
The group of phenobarbitone-type inducers includes organohalogen pesticides, e.g. DDT and its structural analogues (12) . DDT is a non-genotoxic rodent carcinogen and a potent liver tumor promoter (12, 13) . Furthermore, it has been classified by IARC (13) as probably being carcinogenic to humans (group 2B). Chlorobenzylate, dicofol, bromopropylate, chloropropylate, fenarimol and nuarimol, all of them being structurally related to DDT, are still used in plant protection. Although all of these compounds are devoid of any mutagenic activity (14) (15) (16) (17) , the first three of them have been shown to induce mouse liver tumors after long-term administration (14, 16) . Moreover, in two-stage hepatocarcinogenicity models all of these compounds are active as potent tumor promoters (12, 13) . Only fenarimol (12) and its close analogue nuarimol (18) appear to be without effect at promotion step.
The aim of our studies was to describe the early response of rat liver to short-term exposure to organohalogen pesticides. In our previous paper (19) we have investigated the effect of nuarimol on hepatomegaly, mitogenesis (DNA synthesis, mitotic activity, percentage of binuclear cells) and activity of p-nitroanisole O-demethylase related to cytochrome CYP2B1; the histopathological changes in the liver were also recorded. To describe further this pattern of the early response of rat liver to short-term exposure to organohalogen pesticides, in the present studies bromopropylate and DDT (in a dose close to the mean hepatocarcinogenic dose [13] ) were used as model compounds. 
Materials and methods

Chemicals
Animals and outline of experiments
Male Wistar rats of our own breed (Pzh:WIS) were used. Prior to the experiments, the rats were acclimatized for 14 days at controlled temperature of 22 ± 1°C and relative air humidity of 50 ± 10%, with a 12-h light/dark cycle. Rats were fed a commercial diet free from chlorinated hydrocarbons as assayed by GLC (sensitivity of the method: 0.1-1.0 ^g/kg diet) and free from aflatoxins as determined by TLC (sensitivity of the method: 1 Hg/kg diet), and filtered tapwater ad libitum. In the experiments with bromopropylate, rats weighing 200-220 g were randomly divided into three groups of 24 rats each and received (in four subgroups of six rats) bromopropylate in doses of 0, 125, 250 and 500 mg/kg body wt. day-' (1/40, 1/20 and 1/10 of LD50), respectively. In the case of DDT three groups of 12 rats each received (in two subgroups of six rats) DDT in doses of 0 and 24 mg/kg body wt.day"', respectively; the latter dose is close to the mean hepatocarcinogenic dose of DDT in male Wistar rats (34.1 mg/kg body wt. day" 1 ). Bromopropylate and DDT were administered orally in an olive oil suspension; controls received only the olive oil vehicle. In all of the groups single doses of bromopropylate and DDT (in control subgroups only the vehicle) were administered five times at 24-h intervals, between 8.00 a.m. and 9.00 a.m. Body weights were recorded every day. For estimation of DNA synthesis, [ 3 H]-thymidine (1.2 MBq per rat) was injected i.p into all animals I h before sacrifice.
On days 1, 3 and 5, four groups of six rats receiving doses of 0, 125, 250 and 500 mg bromopropylate/kg body wt. day" 1 (four subgroups), respectively, as well as three groups of six rats receiving DDT in doses of 0 and 24 mg/ kg body wt. day" (two subgroups), respectively, were sacrified by decapitation under anaesthesia. Livers were immediately excised, rinsed of surface blood, blotted to dryness, weighed and frozen in liquid nitrogen. Representative samples of liver tissue for biochemical and microscopic analysis were taken from the right lobe.
Biochemical analysis DNA synthesis measured according to the earlier described method (19) was expressed in d.p.m. mg" 1 DNA. DNA content was determined by the method of Burton (20) . p-Nitroanisole O-demethylase activity was measured according to Netter et al. (21) by the rate of p-nitrophenol generation by the postmitochondrial fraction of the liver. Protein concentration was determined by the method of Lowry et al. (22) . The metabolism of /r-mtroanisole was expressed as nmol p-nitrophenol mg"' protein h~'.
Histological and cytochemical analysis
Fragments of liver tissue were embadded in paraffin, and 4-5 \xm serial sections were cut and stained with haematoxylin and eosin; cytochemical analysis was performed by Feulgen's method. The number of mitoses and that of binuclear cells were counted in 2000-3000 hepatocytes and expressed per 1000 hepatocytes.
For statistical treatment a two-tailed Student's r-test was used.
Results
Relative liver weight (RLW)
Bromopropylate significantly increased RLW to 123, 137 and 146% of control after administrations of three oral doses i.e. 125, 250 and 500 mg/kg body wt. day" 1 . After five administrations of the above doses the RLW remained practically unchanged. DDT given in three or five oral doses of 24 mg/kg body wt day" 1 also significantly increased RLW but to lesser degree (Table I) . O-Demethylase p-nitroanisole activity Treatment of rats with both pesticides resulted in marked induction of the hepatic of O-demethylase p-nitroanisole activity (Table II) . A single oral dose of bromopropylate (125, 250 and 500 mg/kg body wt.) caused a 1.6-fold, 1.7-fold, and 1.5-fold increase in activity of this enzyme, respectively. After repeated administration of bromopropylate p-nitroanisole Odemethylase activity was sustained at high levels. However, there was no correlation between the applied doses of bromopropylate and enzyme induction.
In the case of DDT, one, and three or five oral administrations of 24 mg/kg body wt. day" 1 caused a 2.0-fold, 2.7-fold, and 2.6-fold increase in enzyme activity, respectively.
DNA synthesis
The effect of bromopropylate and DDT on the rate of [ 3 H]thymidine utilization for nuclear DNA synthesis is ilustrated in Table m .
In bromopropylate-treated rats, DNA synthesis increased significantly in a dose-dependent manner after single administration of 125, 250, and 500 mg/kg body wt.; the increase in thymidine incorporation into nuclear DNA was 3.4-fold, 4.3-fold, and 4.7-fold, respectively. After prolonged administrations of the above doses, DNA synthesis tended to decline, though the differences between the groups receiving two highest doses 0  125  250  500  0  125  250  500  0  125  250  500  0  24  0  24  0  24   1  1  1  1  3  3  3  3  5  5  5  5  1  1  3  3  5  5 O-demethylase p-nitroanisole (nmol p-nitrophenol mg"' protein h"') 7.8 ±0 1°1 2.7 ± 1.0" 13.2 ± 0.6" 11 6 ± 0.4" 6.8 ± 0.1 13.0 ± 2.3 of bromopropylate and control animals were still significant. In the case of DDT, DNA synthesis increased 3.4-fold, 2.3-fold, and 2.0-fold over the control after one, three, and five days of dosing.
Mitotic activity
For both bromopropylate and DDT the increase in DNA synthesis was accompanied by an increase in mitotic activity of hepatocytes, with a peak on the first day after start of experiments (Table IV) . After repeated administration of the compounds, the number of mitotic figures tended to decline, though the differences between the groups receiving DDT as 0  125  250  500  0  125  250  500  0  125  250  500  0  24  0  24  0  24   1  1  1  1  3  3  3  3  5  5  5  5  1  1  3  3  5 well as two higher doses of bromopropylate and control animals were still significant.
As shown in Table V , treatment of rats with a single oral dose of bromopropylate (125, 250 and 500 mg/kg body wt.) produced a significant increase in binucleation. However, after three and five administrations this number decreased almost to control. For DDT, as compared with control, a single administration increased binucleation, although the difference from control was not significant. Prolonged administration of this compound (3 and 5 days of dosing) caused sustained increase in binuclear hepatocytes.
Histological evaluation
Histological analysis showed a normal liver structure in control rats ( Figure 1A) . In rats receiving bromopropylate in a single Values significantly different from control, P < 0.05 dose of 125, 250, and 500 mg/kg body wt. day" 1 , respectively, dose-dependent cytoplasmic vacuolization in the hepatocytes and focal necrosis became evident. Three daily applications of the above doses resulted in more extensive diffuse degenerative lesions with high level of focal necrosis; in addition, upon administration of both higher doses abnormal mitotic figures (and c-mitoses) were found ( Figure 1B) . After five administrations of all three doses the histological picture was differentiated depending on the dose. At both higher doses of bromopropylate (250 and 500 mg/kg body wt. day" 1 ) cytoplasm vacuolization occurred to a slight degree, but a high level of focal necrosis was present ( Figure 1C) . The mitotic hepatocytes in the anaphase and metaphase exhibited spindle disturbances resulting in abnormal mitotic figures (and c-mitoses). After five administrations of the lowest dose of bromopropylate (125 mg/kg body wt.day" 1 ) vacuolization of cytoplasm was reversible and few small necrotic foci were observed; no abnormal mitoses were present. Upon administration of a single dose of DDT, the liver sections displayed a high percentage of vacuolated cytoplasm, and evident inflammatory infiltrations suggested hepatocyte necrosis. These changes were more pronounced after three administrations of the dose, as distinct signs of necrosis in the central lobule zone and more pronounced cytoplasmic vacuolization were found; in addition, abnormal mitotic figures (and c-mitoses) were observed ( Figure  ID) . After five administrations of DDT cytoplasmic vacuolization remained at the same level and abnormal mitotic figures were present.
Discussion
The present studies of the early changes in rat liver, produced by short-term treatment with bromopropylate and DDT, showed that these effects consist of hepatomegaly accompanied by an increase in the hepatic p-nitroanisole metabolism rate and a rise in hepatic cellular hyperplasia. Hyperplasia manifested itself by an increase in nuclear DNA synthesis and a rise in the mitotic activity. Hepatocyte proliferation was elevated during the experimental period, except for the lower dose of bromopropylate. The increase in hepatocyte proliferation, appeared to be at least related to a regenerative liver response to pesticides, since during liver growth, histological signs of necrosis and vacuolated cytoplasm were present. Thus, these results may suggest both the direct mitogenic effect leading to hepatomegaly (via hyperplasia and/or hypertrophy) and cytotoxic/regenerative liver response in bromopropylate and DDT treated rats. It is well established that in the liver, in particular, cell proliferation plays a crucial role in the initiation of carcinogenesis (6, 23, 24) , either by inducing errors in replication or by converting DNA adducts to mutations before DNA repair can occur. However, the type of hepatic proliferation appears to be a major factor in this phenomenon. A compensatory or regenerative cell replication as typically seen after 410 partial hepatectomy or necrogenic dose of carbon tetrachloride, but no direct mitogenic effect, is effective in the initiation of chemical carcinogenesis (23, (25) (26) (27) . Moreover, a recurrent regenerative stimuli as well as continued administration of direct mitogens (phenobarbitone, DDT, cyproterone acetate, etc.) expand selective growth of initiated hepatocytes at the promotion step (6, 23, 28) . The present results also showed an increase in the binuclear hepatocytes in the liver of treated rats. The return to almost normal level, after prolonged administration of bromopropylate, may suggest cell division of binucleated hepatocytes. It has been shown that during regenerative liver growth and after mitotic stimulation by tumor promoters the binucleation rate is reduced (29) (30) (31) . However, in our studies DDT induced sustained increase in binucleation during the experimental period.
Unexpectedly, our histological and cytological analysis showed the presence of dose-dependent abnormal mitotic figures (and c-mitoses) in the hepatocytes of the bromopropylate and DDT treated rats. The lowest dose of bromopropylate (125 mg/kg body wt.) did not affect the mitoses and can be regarded as a threshold dose for this effect.
Comparison of our previous studies on nuarimol (19) with the present experiments performed under analogous conditions indicate several distinct differences in the hepatic response between nuarimol, on the one hand, and bromopropylate and DDT, on the other. The difference was reflected in the character and the basal rate of hepatocyte proliferation and in the histological picture. Nuarimol, regarded as a non-genotoxic agent, produced early changes in the liver i.e. hepatomegaly, direct mitogenic effect and enzyme induction, closely resembling those caused by most non-genotoxic hepatocarcinogens/ direct liver mitogens (32) (33) (34) (35) .
From the presented studies it can be concluded that in the case of two rodent hepatocarcinogens, i.e. bromopropylate and DDT administered in the dose close to mean hepatocarcinogenic one, the increase in hepatocyte proliferation, leading to hepatomegaly was at least partly related to a cytotoxicity and regenerative liver response. At the present stage of our studies it is impossible to foresee the consequence of abnormal mitotic figures (and c-mitoses) in the hepatocytes of the bromopropylate and DDT treated rats. However, it is well known that c-mitotic agents cause numerical chromosome changes i.e. aneuploidy (36, 37) .
Further studies are required to evaluate all of these early changes as potential indices of hepatocarcinogenic activity.
